A typical gradient structure is characterized with a microstructural gradient at a macroscopic scale. [1] Gradient structures exist ubiquitously in the nature, because they have superior properties over homogenous structures to weather severe natural environments. [1] [2] [3] One wonders if gradient structures would also benefit engineering materials made by mankind. Recently gradient structure was introduced into metals, producing excellent strength and ductility. [4] [5] [6] [7] This is significant because strength and ductility are two of the most important, but often mutually exclusive, mechanical properties. [8] [9] [10] [11] [12] [13] [14] For example, extensive research for the past three decades has produced ultrastrong nanocrystalline materials, [15] [16] [17] but they usually have low ductility. Making materials both strong and ductile has been an enduring endeavor for materials scientists. [8, 18, 19] Here, we report that gradient structure in metals produces an intrinsic synergetic strengthening effect, with the strength of the gradient-structured (GS) sample much higher than the sum of the strength of separate layers, as calculated using the rule of mixture (ROM). The mechanisms for synergetic strengthening are macroscopic stress gradient and complex stress state caused by the gradient structure under uniaxial applied stress.
We produced the gradient structure in an interstitialfree (IF) steel using surface mechanical attrition treatment * Corresponding authors. Emails: xlwu@imech.ac.cn; ytzhu@ncsu.edu (SMAT) . [20, 21] The steel sample has a composition (wt%) of 0.003 C, 0.08 Mn, 0.009 Si, 0.008 S, 0.011 P, 0.037 Al, 0.063 Ti, and 38 ppm N. The samples were preannealed at 1173 K for 1 h to obtain a coarse-grained (CG) microstructure with a mean grain size around 35 μm. For the purpose of obtaining consistent gradient layers in terms of grain size distribution and layer depth, all samples were processed by SMAT for 5 min on both sides. Steel balls with a diameter of 3 mm were used to process the samples. The four sample thicknesses were selected and varied from 0.5, 1, 1.5 to 2 mm so that the volume fraction of the gradient layer was varied from 0.48, 0.3, and 0.24 to 0.16, respectively. For simplicity, such samples were defined as the integrated samples, which have a CG layer sandwiched between two GS layers. The change of the grain size and Vickers micro-hardness along the depth is shown in Figure 1 . The GS layers on both sides have a gradual grain size increase along the depth, with the sizes of grains, subgrains, and dislocation cells ranging from sub-micrometers to micrometers, which produces two gradient layers of ∼120 μm thick each. All tensile samples were dog-bone-shaped with a gauge size of 8 mm × 2.5 mm. The tensile specimens of the gradient layer were prepared by polishing away the SMAT-processed samples from one side only (mechanically thinning to ∼180 μ m thick at first using waterproof abrasive paper 600#, followed by electrochemical polishing to final 120 μm thick at −25
• C), leaving behind the layer of desired thickness for tensile testing. The tensile tests were at a quasi-static strain rate of 5 × 10 −4 s −1 . Figure 2 (a) shows the engineering stress-strain curves of all integrated samples with varying volume fractions of GS layers. Shown also is the stress-strain curve of the 120-μm thick GS layer (GS-layer curve). As shown, with increasing volume fraction of the GS layer, the yield strength increased dramatically, while ductility (elongation to failure) decreased slowly, producing a good combination of strength and ductility. Figure 2 (b) demonstrates the synergetic high flow stress (red curve) of the integrated sample with GS volume fraction of 24%. The blue curve is calculated using the ROM:
where σ ROM is the calculated yield strength of the integrated sample, V GS is the volume fraction of the GS layers, σ GS is the yield strength of GS layer at 0.2% plastic strain, and σ CG is the yield strength of CG sample. However, as shown in Figure 2 (b), the integrated sample yielded at a much larger strain than the CG sample. In other words, the CG sample will have a flow stress of σ CG due to strain hardening, where
Correspondingly, the ROM described in Equation (1) should be modified as
As shown, the flow stress of the integrated layer is still much higher than the green curve. The difference in the flow stress is considered as an expression of synergetic strengthening caused by the gradient structure effect. Figure 2 (c) demonstrates the synergetic strengthening of the gradient structure. The 0% volume fraction of Figure 2 . (a) Engineering stress-strain curves of integrated samples, the GS layers, and the CG sample. The volume fractions of the GS layers in the integrated samples are indicated on the curves. (b) The flow stress of the integrated sample (red curve) is much higher than that calculated using ROM (green curve) due to synergetic strengthening. (c) The measured yield strength of the integrated samples (red curve), the calculated yield strength using the ROM (blue curve), and the calculated yield strength using the modified ROM (green curve). Inset is the synergetic strengthening, σ , as a function of the volume fractions of GS layers.
the GS layer represents the pure CG sample, while the 100% GS layer represents the data point from the pure GS layer. The red line represents the yield strength of the integrated samples that consist of two GS layers and one CG central layer. It obviously shows a higher flow stress than the blue and green curves, which are calculated using 186
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Equations (2) and (3), respectively. Therefore, even with consideration of σ CG , the gradient structure still leads to a synergetic strengthening in the integrated sample.
Assuming one can slice the integrated sample into n thin layers along the thickness direction, and then separately measure their yield strength. The synergetic strengthening by the gradient structure may be calculated as
where σ Int is the yield strength of the integrated sample, σ i is the yield strength of the ith layer, and f i is the thickness fraction of the ith layer. The second term in the equation represents the strength calculated by the ROM. An accurate calculation using Equation (4) requires a large number of layers to be measured, which is experimentally difficult. In Figure 2 (c), the integrated sample was sliced into three layers (n = 3): two surface layers with a thickness 120 μm and one central layer. Equation (4) can also be expressed in a more general form:
where t is the thickness of the integrated sample, σ (x) is the strength of the sample layer at position x along the thickness. The synergetic strengthening σ as a function of the GS volume fraction is shown in the inset of Figure 2 (c). It reveals that an optimum GS volume fraction exists where synergetic strengthening is most significant.
The importance of the gradient structured layer in the synergetic strengthening is demonstrated in Figure 3 . Integrated samples with two 120-μm GS layers sandwiching a 760-μm CG layer were used to measure the synergetic strengthening, σ , as equal-thickness layers were removed from both surfaces. The engineering stress-strain curves of the integrated samples after removing varying thickness of surface layers are shown in Figure 3(a) . The legend indicates the layer thickness removed from both sides of the integrated samples.
Figure 3(b) shows that the synergetic strengthening becomes weaker and eventually disappear as the GS layers were gradually removed. This indicates the importance of the GS layers to the synergetic strengthening. To find out where the synergetic strengthening is from, an integrated sample was tested to a tensile strain of 1%, which corresponds to the 0.2% plastic strain and the change in microhardness was measured along the depth. As shown in Figure 3(c) , there is no change in microhardness for the surface layer of 70-μm deep, indicating that no dislocation accumulation occurred during the tensile testing. This suggests that the high strength surface layer was still deforming largely elastically at 1% tensile strain. Interestingly, there is a peak at the 90 μm depth. This is a very significant feature, which will be discussed later. Figure 3 (b) and 3(c) indicates that the fine-grained gradient layers are essential to the activation of synergetic strengthening, but the synergetic strengthening comes mostly from the CG layer.
The ROM has an inexplicit assumption: there is no synergetic or destructive interaction between different layers (components). Such a condition is not strictly met in most cases. However, when the interaction is weak, the ROM can be used to estimate effective yield 187 Mater. Res. Lett., 2014 strength. [4, 22, 23] When the interaction between layers is strong, the ROM is inadequate in estimating the yield strength of the composite structure. Examples include the laminated structures of two dissimilar metals with very different mechanical properties as reported in [24] and the gradient structured metals studied here. Both the laminated structure and the gradient structure have mechanical incompatibility during plastic deformation, which may produce complex stress state as well as the macroscopic stress and strain gradients as observed in this study. As observed in this study, the complex stress state and the strain and stress gradient will produce synergetic strengthening, i.e. additional strengthening in the gradient structure beyond the prediction of the ROM. The similarities between the laminated structure and the gradient structure make the laminated structure an ideal structure for studying some of the fundamental issues in the gradient structure. The gradient structure can be approximately regarded as consisting of many layers with systematic variation of microstructures and mechanical properties. The migrations of the elastic layer-plastic layer interfaces and the necking layer-stable layer interfaces present a challenge in studying many fundamental issues in the gradient structures. In contrast, these interfaces in the laminated structure are stationary, which makes it much easier to experimentally study some of the same issues presented in both types of structures. On the other hand, laminated structures also have some unique deformation mechanisms that may not be applicable to the gradient structures, [25, 26] including the reported length scale effect on strength in metallic multilayers. This need to be clarified in future studies.
To probe the mechanism by which the gradient structure strengthens the integrated sample, we analyzed stress, strain, and strain gradient distribution across the sample thickness by means of the finite element method (FEM) using the commercial ANSYS 14 package. The variation of Poisson's ratio ν with tensile strain was calculated as [27] 
where E is Young's modulus, E s = σ/ε is the secant modulus, and ν 0 (0.3) is Poisson's ratio in the elastic stage. Figure 4 is the schematic FEM model and element grid. The constitutive relationships for both GS-layer and CG-layer were from the stress-strain curves under uniaxial loading in Figure 2(a) . Isotropic hardening based on von Mises criterion was used as the flow criterion under complicated stress states in the simulation. For high accuracy, both 3D structured gradient mesh division and 20 nodes element SOLID186 were adopted. The sample was strained under uniaxial tension to a strain of 0.01, which was divided into 10 loading steps. Figure 5 shows the FEM simulation results at the tensile strain of 0.008 in the z direction. As shown in Figure 5(a) , the normal stress in the x direction, σ x , is positive in the CG central layer, but negative in the GS layer. σ x should be zero in a homogeneous sample because no stress is applied laterally in the x direction. In other words, the applied uniaxial stress is converted to a biaxial stress state in the integrated sample. Figure 5(b) shows a large stress gradient near the CG/GS layer interface. The flow stress in the CG layer is slightly higher than in the standalone CG sample, while the flow stress in the GS layer is lower than in the standalone GS sample, which is caused by mechanical incompatibility due to the variation of Poisson's ratio across the two types of layers. Figure 5(c) shows that the strain in the x direction, ε x , for the CG layer of the integrated sample rises above that of its standalone counterpart, while ε x for GS layer decreases. This is due to the difference of Poisson's ratio evolution with strain in both the GS layer and CG layer, i.e. the former is still elastic upon yielding in the latter. Strain has to be continuous at the interface. This is the reason behind the stress re-distribution seen in Figure 5(b) . Interestingly, as shown in Figure 5(d) , there exist strain gradient dε x /dy, and shear gradient dγ xz /dy, with their peak values near the interface of the CG/GS layers. In addition, the strain gradients are larger near the sample edge (path 4) than at the center (path 1). The dγ xz /dy is much larger than dε x /dy in all paths.
It should be noted that the above FEM analysis can only be regarded as qualitative. First, it used the constitutive relationships obtained from standalone GS and CG samples. This effectively ignored the influence of the interlayer interaction on the constitutive relationships.
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The FEM results in Figure 5 can be understood by the development of mechanical incompatibility between the CG and GS layers and their mutual constraint during the uniaxial tensile testing. At the 0.008 tensile strain, the central CG layer deforms plastically, while the GS layers still deform elastically. The plastically deforming central layer has an apparent Poisson's ratio close to ν a = 0.5 to maintain a constant volume, while Poisson's ratio in the GS layer is close to ν a = 0.3. In other words, the central CG layer was trying to shrink more than the surface CG layers in the x direction.
However, the plastically deforming central layer is constrained by the two elastic outer layers to the same lateral strain at their two interfaces. This constraint results in two consequences: First, it causes a strain gradient near the interfaces in the x direction, as shown in Figure 5 (d), which will lead to the accumulation of geometrically necessary dislocations. [28] [29] [30] Second, it leads to tensile normal stress in the plastic central layer and a compressive stress in the outer elastic layer in the x direction as shown in Figure 5 (a). Such a bi-axial stress state will activate more slip systems to enhance dislocation interaction and accumulation. These dislocation accumulations consequently contribute to extraordinary strengthening beyond what is predicted by the ROM.
The extra strengthening can be also partially attributed to the stress gradient shown in Figure 5 (a) and 5(b). It has been reported that stress gradient can significantly increase the yield stress, [31] [32] [33] as described by
where χ is the stress gradient, L obs is the obstacle distance for dislocation slip, and τ Y is the yield strength at χ = 0. This equation suggests that the stress gradient leads to the stress gradient strengthening. Experimental data in Figures 2(c) and 3(c) suggest that an optimum thickness of GS layers (volume %) exists where synergetic strengthening is most effective. This can be understood by the bi-axial stress in the integrated samples. It is intuitive to hypothesize that a higher magnitude of strain and stress in the x direction will make it more effective to accumulate dislocations since it more effectively promotes dislocation interactions and increases the strain gradient near the interfaces. Since the stress state direction in the plastic central layer is opposite to that in the elastic GS layers and also because the forces between these two type of layers need to neutralize each other, there should exist an optimum GS layer thickness that exerts the maximum counter force to the plastically deforming central layer. In other words, there should be an optimum gradient layer thickness that produces the largest synergetic strengthening. This is an issue that needs to be further studied to help with designing gradient structure for the maximum synergetic strengthening.
The Hv peak in Figure 3 (c) and the strain gradient profile in Figure 5 and stress gradient near the interface indeed promoted the accumulation of dislocations. If deformed alone, the CG layer should have higher strain hardening because its large grain sizes make it easier to accumulate dislocation and also because it was subjected to larger plastic deformation.
It should be noted that the concept of gradient structure studied here is very different from the strain gradient plasticity reported in the literature. [34] [35] [36] [37] First, the gradient structure spans a macroscopic length of hundreds of grains, which is much larger than the grain size scale typically considered by the conventional strain gradient plasticity. Second, the gradient structure has grain sizes varying along the depth from the sample surface, which results in a yield strength gradient, but the applied strain in the z direction is uniform across the entire sample thickness. Third, the macroscopic strain gradient is induced in the lateral direction although the applied strain in the z direction has no macroscopic strain gradient. Last, it should be noted that the strain gradient plasticity can also be applied at the microscopic level, e.g. inside individual grains, for the gradient structure studied here.
In summary, the gradient structure in IF steel increased the yield strength beyond what is predicted by the ROM. The synergetic increase in strength is attributed to the mechanical incompatibility caused by the mismatch between the Poisson's ratio in the elastic outer layers and the apparent Poisson's ratio in the central plastic layer. The mechanical incompatibility leads to two-dimensional stress states and lateral strain gradient near the plasticelastic interfaces, which consequently lead to more dislocation interaction and accumulation to quickly increase the strength of the plastically deforming layer. The gradient structure also produces a macroscopic stress gradient across the thickness, especially near the plastic-elastic interfaces. Such a stress gradient further contributed to synergetic strengthening. These mechanisms do not occur in homogenous materials, and are unique deformation characteristics of materials with gradient structures. Our experimental results also indicate an optimum microstructural gradient for the best mechanical properties. These observations provide guidance in designing high-strength metals and alloys with gradient structures.
